A B S T R A C T The electrophoretic mobility of erythrocyte NADH methemoglobin reductase in five hereditary methemoglobinemia patients from three Puerto Rican kindreds was 118% of normal at pH 8.6. The methemoglobin ferrocyanide reductase activity of the enzyme in erythrocyte hemolysates was 3.2-6.4% of normal. Electrophoresis of hemolysates prepared from the blood of patients from two different families at six pH values between 4.6 and 9.3 did not differentiate between the variant enzymes. Examination of the deficient enzymes extracted from the erythrocytes of one patient from each kindred revealed altered affinity for NADH and dichloraindophenol dye and decreased thermal stability. The quantitative similarity of the abnormal findings, together with the Puerto Rican origin of the kindreds, suggested that the cyanotic patients possessed the same abnormal enzyme and were thus homozygous for the same rare mutant gene. Consanguinity of the kindreds could not be established.
INTRODUCTION
Inherited methemoglobinemia arises either from structural alterations in the heme pocket of globin peptide chains which impede normal reduction of ferric heme (3) , or as a result of marked deficiency of an NADHdependent methemoglobin-reducing enzyme (4) . The hemoglobinopathic forms of methemoglobinemia, accounting for the hemoglobin M diseases, are transmitted as autosomal dominant traits. Inheritance of the metabolic form of methemoglobinemia is typically recessive: parents and children of affected individuals have intermediate activity of NADH methemoglobin reductase but are not cyanotic (5) . Deficient erythrocyte NADH methemoglobin reductase has been documented in at least 100 patients from 55 families in many parts of the world (4) . The abnormal electrophoretic mobility of the residual methemoglobin reductase present in the red cells of some affected individuals (6) (7) (8) (9) suggests heterogeneity of this enzymatic defect. This communication will describe certain physical and functional properties of erythrocyte NADH methemoglobin reductase in three hereditary methemoglobinemia families of Puerto Rican origin. The findings will be discussed in terms of their relevance to the function of the enzymes in vivo and to the cellular distribution of methemoglobin. Subjects studied. The diagnosis of hereditary methemoglobinemia in the five women who were examined in this study was based on a history of cyanosis dating from birth, elevated blood methemoglobin level, and markedly reduced activity of erythrocyte NADH methemoglobin reductase. The cyanosis in each case disappeared temporarily after the intravenous injection of methylene blue. The women were from 14 to 48 yr old, and none was mentally retarded. They were members of three apparently unrelated kindreds of Puerto Rican origin and included two sibling pairs: GT and NR (family T), AuC and AC (family C), and GR (family R). Neither their parents, their children, nor their grandchildren were cyanotic. There was no blood relatedness between the subjects' parents in any of the families. 100 healthy unrelated Puerto Rican adults, 1 Italian subject heterozygous for normal and variant NADH methemoglobin reductase, and 1 subject deficient in erythrocyte NADPH methemoglobin reductase were also examined.
Collection of blood samples. Freshly drawn venous blood was collected into heparin and immediately chilled, and was used for the fractionation of erythrocytes according to their density. The fractionation process was begun within 1 hr of phlebotomy except for an 18 hr delay in the case of patient AuC. Blood for purposes other than fractionation was collected into 0.2 vol of acid-citrate-dextrose solution (NIH formula A).
Assay and kinetic analysis of NADH methemoglobin reductase. Two methods were used for the determination of NADH methemoglobin reductase in erythrocyte hemolysates: the DCIP dye reduction method (diaphorase method) of Scott (5) , and the methemoglobin ferrocyanide reductase method of Hegesh, Calmanovici, and Avron (10) . A modification of the diaphorase method was employed for kinetic analysis and heat stability studies of NADH methemoglobin reductase in partially purified enzyme extracts. The modified assay and the procedures used to measure the halfmaximal velocity constants (K.) for NADH and DCIP dye and the thermal stability of the enzyme have been described (1) . The spectrophotometric reactions of NADH methemoglobin reductase and of the other enzymes reported in this paper were performed at 250C in quartz cuvettes with 1 cm light path, and were measured with a Gilford model 220 spectrophotometer (Gilford Instrument Laboratories, Inc., Oberlin, Ohio) linked to a multiple sample absorbance recorder.
Partial purification of NADH methemoglobin reductase. NADH methemoglobin reductase was partially purified by 1Abbreviations used in this paper: DCIP, 2,6-dichloroindophenol; Ki, half-maximal velocity constant.
diethylaminoethyl Sephadex chromatography as previously described (1) . The (12) from the unfractionated red cells and from each of the density fractions, and the activities of NADH methemoglobin reductase, glutamic-oxalacetic transaminase, and glucose-6-phosphate dehydrogenase were determined. The activity of NADH methemoglobin reductase in each hemolysate was plotted on logarithmic paper against the corresponding activity of glutamic-oxalacetic transaminase or glucose-6-phosphate dehydrogenase. The slopes were calculated by the least-square method, and they were taken as an index of the NADH methemoglobin reductase enzyme's lability during the life-span of the red blood cell.
Electrophoresis. Hemolysates and partially purified enzyme preparations were electrophoresed in starch gel, and stained for NADH methemoglobin reductase, NADPH methemoglobin reductase, and GSSG reductase according to the tetrazolium methods of Kaplan and Beutler (6, 13) . The electrode chamber buffer system generally employed was 0.13 M Tris-0.07 M boric acid-2.3 mm EDTA pH 8.6. The gel was prepared with the same buffer diluted 1:10 and with electrostarch (Otto Hiller, P. 0. Box 1294, Madison, Wis.) in a concentration of 10 g/100 ml. Destromatized freeze-thaw hemolysates prepared from 50% suspensions of washed erythrocytes were added in 150 gl volume to each slot of a five-slot gel. For the electrophoresis of enzyme extracts, 40-,ul samples were added to each slot of a 10-slot gel. Electrophoresis was performed at 4°C in the horizontal position utilizing a constant current of 10 ma for 16 hr or 30 ma for 4 hr. The sliced gels were stained in the dark for 3 hr with freshly made reaction mixtures. The background stain and the hemoglobin were removed by washing the gel in cold deionized water for 1-3 days.
The mobility of variant NADH methemoglobin reductase bands was determined at additional pH values between 4.5 and 9.3. The electrode chamber buffer systems were 0.1 M Tris-4.5 mm EDTA pH 9.3; 0.093 M disodium phosphate-0.007 M sodium phosphate8 mM EDTA pH 7.5; 0.064 M disodium phosphate-0.036 M sodium phosphate5 mm EDTA pH 7.0; 0.022 M citric acid-0.056 M disodium phosphate-3 mM EDTA pH 5.6; and 0.05 M acetic acid-0.05 M sodium acetate-3 mm EDTA pH 4.5. The relative electrophoretic mobility of variant bands was expressed as a percentage of the migration of normal NADH methemoglobin reductase on the same starch gel.
Molecular weight determination of NADH methemoglobin reductase. 1 ml of clear hemolysate (150 mg hemoglobin/ ml) or of partially purified enzyme extract was dialyzed for 2 hr against 2 liters of 0.005 M potassium phosphate buffer pH 6.45 containing 0.1 mm EDTA and 0.1 M potassium chloride. The dialyzed sample was applied to a 2.5 X 34.0 cm column of Sephadex G 100 previously equilibrated with the same buffer, and was eluted with buffer flowing at a rate of 22 ml/hr. 1-ml fractions were collected and assayed for NADH methemoglobin reductase, adjusting the assay mix when hemoglobin contaminated the eluate (after the application of hemolysate) so that the final concentration of methemoglobin ferrocyanide was kept constant. The enzyme's distribution coefficient was calculated (14) , and the molecular weight determined by reference to the selectivity curve constructed from the elution patterns of aldolase, ovalbumin, chymotrypsinogen A and ribonuclease A. The elution peak of NADH methemoglobin reductase was concentrated by dialysis under reduced pressure, and was electrophoresed in starch gel. The methemoglobin content of washed red blood cells was quantified spectrophotometrically by the procedure of Evelyn and Malloy (15) . Standard techniques were employed for the spectrophotometric determination of hemoglobin (16), GSSG reductase (17), glucose-6-phosphate dehydrogenase (12) , and glutamic-oxalacetic transaminase (18) in red blood cell hemolysates. Student's t test was employed for the statistical analysis of paired observations (19) .
RESULTS
The NADH methemoglobin reductase of erythrocyte hemolysate normally migrates in starch gel at pH 8.6 as a single band anodal to the position of hemoglobin A2.
The normal band was absent from the hemolysates and partially purified enzyme extracts of all five hereditary methemoglobinemia patients. Instead, a faint NADH methemoglobin reductase band was observed with mobility 117-118% of normal (Table I and Fig. 1 ). Hemolysates prepared from the blood of patients from two different families (GR and GT) were electrophoresed at five additional pH values between 4.6 and 9.3. The mobility of the variant bands in the respective he-molysates was identical: 93% of normal at pH 4.7, 250% at pH 5.6, 143% at pH 7.0, 124% at pH 7.5, and 117% at pH 9.3. The migration of normal and variant enzyme bands was toward the cathode at pH 4.7 and toward the anode at pH 5.6 and greater. The staining of the variant bands was more intense after electrophoresis at pH 5.6, 7.0, and 7.5 than at the more acid and alkaline values which were tested.
The activity range of NADH methemoglobin reductase in the erythrocyte hemolysates of the five methemoglob.inemia patients was 3.2-6.4% of the normal mean (Table I ). Kinetic analysis of the partially purified NADH methemoglobin reductase enzymes extracted from the blood of one hereditary mnethemoglobinemia patient in each of the families revealed higher than normal Km NADH and lower than normal Km DCIP (Table  II) . There was no overlap of the data observed for the variant and normal enzymes. The thermal stability of the variant NADH methemoglobin reductase enzymes was moderately reduced (Fig. 2) .
No significant differences were observed in the enzyme activities or in the methemoglob.in content of unfractionated erythrocytes after three passages through the phthalate esters (t tests, P > 0.1). The method of Simultaneously stained NADPH Methgb-R band is omitted from the drawing. Position 8, normal hemolysate. Position 9, hemolysate of patient GR; note fast GSSG-R variant and complete absence of the normal band. Methgb-R is methemoglobin reductase, GSSG-R is glutathione reductase. Km, values for NADH were calculated from the regression of S/V against S, and for DCIP from the regression of V against V/S. V is initial velocity and S is substrate concentration.
methemoglobin percentage in the blood of the patients with hereditary methemoglobinemia was markedly increased in the old (28%) as compared with the young (8%) red blood cells (Table III) . The methemoglobin level in the youngest cells of the patients with hereditary niethemoglobinemia was elevated above normal even when their enzyme activity approached the normal range (Fig. 3 ). The methemoglobin level in erythrocyte fractions of increasing density increased progressively as the enzyme activity declined, and increased precipitously in the very oldest fractions of GR, NR, and GT (GT not shown in Fig. 3 "'.G.T.
a""-.A..C in "old"/unfractionated cells of AuC = 0.93, of other subjects = 0.30-0.61. The average rate of loss of erythrocyte NADH methemoglobin reductase with increasing cell age was 0.13 in control blood and 2.32 in methemoglobinemnia blood when methemoglobin reductase was plotted against glutamic-oxalacetic transaminase, and 0.22 in control blood and 4.59 in methemoglobinemia blood when methemoglobin reductase was plotted against glucose-6-phosphate dehydrogenase (Fig. 4) . The decline in NADH methemoglobin reductase activity was thus 20-fold faster in hereditary methemoglobinemia erythrocytes than in control erythrocytes. The heaviest two erythrocyte fractions of patient GR contained 0.00 U of NADH methemoglobin reductase, 0.6 and 0.5 U of glutamic-oxalacetic transaminase, and 3.7 and 3.3 U of glucose-6-phosphate dehydrogenase. Because of the logarithmic nature of the plots, the values for these erythrocyte fractions are not shown in Fig. 4 and they could not be used for computation of the slopes. The accelerated decline in the activity of variant NADH methemoglobin reductase with increasing cell age was demonstrated in patient GT by the use of both the diaphorase and methemoglobin ferrocyanide assay systems (Table IV) . Although enzyme activity was not detectable in oldest erythrocytes assayed by either method (or in unfractionated erythrocytes assayed by the diaphorase method), the activity of the enzyme in the youngest erythrocyte fraction of patient GT equaled 21% of the normal mean when the terminal electron acceptor was DCIP dye and 34% of the normal mean when it was methemoglobin ferrocyanide. Similarly, the age-dependent decline in the activity of normal NADH methemoglobin reductase in two control subjects demonstrated with the methemoglobin ferrocyanide test system was accompanied by comparable decline in the diaphorase activity (Table IV) .
The molecular weight of normal NADH methemoglobin reductase in freshly prepared erythrocyte hemolysates and enzyme extracts, determined from the position of the enzyme's elution from a calibrated Sephadex G 100 column, was 31,000. This value agrees closely with the estimate by Hegesh, Calmanovici, Lupo, and Bochkowsky (20) . There was no change in the elution profile or in the activity of the normal enzyme after storage for 8 days at 4°C despite coincident changes in the electrophoretic pattern (Fig. 1) . The NADH methemoglobin reductase extracted from the blood of a subject heterozygous for the normal enzyme and a variant with nearly normal staining intensity ("Boston Fast" [9] variant, Fig. 1 ) eluted as a single peak at the normal position.
No electrophoretic variants of erythrocyte NADH methemoglobin reductase were detected in 100 normal Puerto Rican subjects (Table I) . A rapidly migrating variant of erythrocyte GSSG reductase was present in one control subject and one methemoglobinemia patient (Table I and Fig. 1) . A sharp formazan band observed to underlie the position of the major hemoglobin components (A, F, G, and S) in all tested hemolysates, including those prepared from erythrocytes deficient in NADPH-or NADH methemoglobin reductase, was probably due to the direct reduction of DCIP by ferrous hemoglobin. The band was present when pyridine nucleotide was omitted from the staining mixture. The (4) . The in vivo deficiency of the enzymes might arise from retarded synthesis of the enzyme, inefficient catalytic function, increased lability or a combination of these factors. The degree of the methemoglobinemia and the cellular distribution of the methemoglobin will depend partly on which mechanisms operate and on the severity of the resulting defect.
The rate of synthesis of the variant NADH methemoglobin reductase in the Puerto Rican patients is unknown and the physiologic significance of the altered substrate affinities is uncertain. Nevertheless, the present studies support the hypothesis that the deficient activity and the heterogeneous pattern of methemoglobin accumulation arise principally from the accelerated inactivation of variant enzyme during the life-span of the red cell. The lability of the variant enzyme in the erythrocytes of Puerto Rican patients with hereditary methemoglobinemia is analogous to the in vivo lability of the A-and Mediterranean variants (22, 23) of glucose-6-phosphate dehydrogenase in patients susceptible to oxidant drug-induced hemolysis. The precise structural alterations which underlie increased in vivo lability of deficient glucose-6-phosphate dehydrogenase and NADH methemoglobin reductase enzymes are unknown. Inference by analogy with unstable hemoglobin molecules (24) suggests that substitution or deletion of one or more amino acids may have severely distorted the configuration of the enzyme molecule, disrupted normal contact between subunits, or interfered with the binding of a prosthetic group or coenzyme which confers stability on the molecule as a whole. 2 Conflicting reports in the literature indicate stability (21) and lability (26) 
